Although gap junctions are thought to play an important role in moderating apoptosis, the basic phenomena underlying when and where the alterations of gap junctions occur during apoptosis have not been well documented. In this study we analyzed the spatiotemporal changes of connexin (Cx) during UV light-induced apoptosis using Cx43-enhanced green fluorescent protein (EGFP)-expressing HeLa cells, and compared them with those of mitochondrial membrane potential (MMP) using tetramethylrhodamine ethyl ester (TMRE) and nuclear morphological observation using Hoechst 33342. At 2 hr post-UV-irradiation, a third of the cells were TMRE negative, i.e., they showed the loss of MMP, but with slight nuclear fragmentation, and high percentages of linear Cx43-EGFP plaques were found among both TMRE-positive and TMRE-negative cells. At 4 hr post-UV-irradiation, the percentage of these linear plaques was decreased, and both punctate and diffuse localization of Cx43-EGFP were noted in the cytoplasm of TMRE-negative cells without nuclear fragmentation. At 8 hr post-irradiation, punctate cytoplasmic localization of Cx43-EGFP was noted in TMRE-negative cells with nuclear fragmentation. Treatment with the caspase inhibitor Z-VAD-FMK blocked nuclear fragmentation and partially preserved both gap junctional plaques and MMP. These results indicate that, during apoptosis, Cx mobilization into the cytoplasm occurs after MMP depolarization but before nuclear fragmentation and that this alteration partly depends on caspase.
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I. Introduction
Gap junctions form intercellular channels and mediate direct transfer of low-molecular-weight (less than about 1 kD) metabolites, ions, and small molecules between neighboring cells. Because some second messengers can be transduced through gap junction channels, gap junctional intercellular communication is considered to play an important role in tissue homeostasis, growth control, and cell differentiation [4, 7, 10, 20] . Gap junctional channels are composed of hexagonal arrangements of oligomeric proteins called connexins (Cxs) [2] . Thus far, 20 mouse genes and 21 human genes for connexins have been identified [24] .
Apoptosis is an active homeostatic process of cell death found in multicellular organisms that is important for many biological processes [25] . The apoptotic process involves a series of biochemical steps and structural changes including mitochondrial membrane potential (MMP) depolarization, chromatin condensation, nuclear fragmentation, cytoskeletal reorganization, cell shrinkage, and membrane blebbing [3, 16] . Caspases have been implicated as mediators of apoptosis in a variety of mammalian cell types [11, 18] . For example, after UV-C irradiation, caspase-8, caspase-9 and caspase-3 are activated in fibroblasts [5] . Caspase-9 and its downstream caspases are detected in 3SB and Jurkat cells [23] . HeLa cells and MCF-7 cells also show caspase-9 activation after UV-C irradiation [23] .
Controversy exists as to the role of gap junctions and/or connexins in cell death and survival. On the one hand, it has been reported that Cx43 is capable of transducing cell survival signals in response to extracellular cues [21] , and mediates gap junctional intercellular communicationindependent resistance to cell injury [15] . Conversely, other reports showed that cell coupling via gap junctions made of Cx43 can enhance or propagate cell death in some cancer cells [8, 9] . Thus, the role of gap junctions or Cx43 in apoptosis has remained uncertain. Moreover, the basic phenomena underlying when and where the alterations of gap junctions occur during apoptosis have not been well documented. In this study, we examined the fate of Cx43 during apoptosis in order to answer the following questions: (1) Does Cx43 localization change during apoptosis? (2) If so, when? (3) Does alteration of Cx43 depend on caspase activation? To answer these questions, we analyzed the spatiotemporal changes of Cx43 during apoptosis in Cx43-enhanced green fluorescent protein (EGFP)-expressing HeLa cells by confocal microscopy and conventional fluorescence microscopy, and observed the time course of alteration of Cx43 and depolarization of MMP and nuclear fragmentation. In addition, we examined the effect of a broad-range caspase inhibitor, Z-VAD-FMK, on apoptosis progression and alternation of Cx43 localization.
II. Materials and Methods

Cell culture
The establishment of Cx43-EGFP-expressing HeLa cell lines and the formation of functional gap junctions made of Cx43-EGFP in these cell lines were described in our previous paper [19] . For experiments, aliquots of cells (1´10 5 ) were plated on 35-mm dishes and cultured for 4 days in Dulbecco's modified Eagle's medium (DMEM) (Nissui Pharmaceutical) containing 10% heat-inactivated fetal bovine serum (FBS) (Gibco), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin (Gibco) at 37°C in a humidified incubator with 5% CO2 and 95% air. An examination showed that Cx43-EGFP plaques were well formed after 4 days' culture.
Induction of apoptosis by UV irradiation
Cells were washed twice with phosphate-buffered saline (PBS), placed in a small amount of PBS (200 mL in a 35-mm culture dish), and exposed to UV rays (UV-C; wavelength, 254 nm) at an energy dose of 180 mJ/cm 2 by UV crosslinker (UV Stratalinker 2400, Stratagene), according to a method described by Goldstein et al. [6] . After UV irradiation, PBS was aspirated and the cell culture medium was added. Post-irradiation incubation was continued at 37°C in a humidified incubator with 5% CO2 and 95% air.
Cell morphology observation by time-lapse phase-contrast microscopy
To analyze the effect of the UV irradiation on cell morphology, 35-mm dishes with 2-mm grid were used for culture. Before UV irradiation and after various periods of post-irradiation incubation, cells were observed with a phase-contrast microscope (Olympus IMT-2, equipped with an NEC TI-23A CCD camera). Images were taken at the same field.
Measurement of apoptosis frequency
To measure the frequency of apoptosis induced by UV- Time-lapse fluorescence microscopy of Cx43-EGFP localization after UV irradiation To observe the localization of Cx43-EGFP during apoptosis, a time-lapse fluorescence microscopy experiment was carried out. Before UV irradiation, cells were stained with Hoechst 33342 for 30 min. After UV irradiation, a CO 2 -independent culture medium (Gibco), supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin, was used for time-lapse observation. Cells were incubated at 37°C in an air incubator after UV irradiation and observed at room temperature at various timepoints under a fluorescence microscope (Olympus AX 70) equipped with a water objective (Olympus LUMPlanFl 60x/ 0.90 W) and a cooled CCD camera. Images were taken at the same field using IPLab software. The exposure time was fixed manually for 1 sec. After observation and taking of pictures at each time-point, the culture medium was changed to fresh medium and the culture dish was returned to the 37°C air incubator and cultured until the next time-point.
To compare the time-courses of MMP depolarization, the alterations of Cx43-EGFP, and morphological changes of nuclei, a random area observational study by fluorescence microscopy was performed. Cells were first stained with Hoechst 33342. At 2, 4, 8 hr after UV irradiation, the cells were stained with 40 nM tetramethylrhodamine ethyl ester (TMRE) (Molecular Probes) for 20 min under culture condition. Pictures were taken from different dishes immediately after TMRE staining at 2, 4 and 8 hr post-irradiation.
Confocal laser scanning microscopy of Cx43-EGFP and TMRE after UV irradiation At 2, 4, 8 hr after UV irradiation, the cells were stained with TMRE and observed with a confocal laser scanning microscope (FluoView, Olympus). An argon-krypton laser produced excitation bands at 488 nm for Cx43-EGFP, bands at 568 nm for TMRE, and monochromatic light for transmitted images. Confocal images were taken by using a phase-contrast objective lens (40´, N.A. 0.60 LCPIanFl, Olympus) and two-time zooming. The alterations of Cx43-EGFP localization and MMP were compared.
Inhibition of apoptosis by treatment with a caspase inhibitor
A cell-permeable, irreversible tripeptide inhibitor of caspase, Z-Val-Ala-Asp-FMK, non-omethylated (Z-VAD-FMK) (ICN Pharmaceuticals, Inc.) was used. One hundred micromoles of Z-VAD-FMK (final concentration) in culture medium was added immediately after UV irradiation, and after 1 hr, it was washed out and replaced with culture medium. Cells were cultured until various time-points and stained with Hoechst 33342 and TMRE, and then observed by fluorescence microscopy and confocal laser scanning microscopy as described above.
Morphometric analysis
To estimate the time course of MMP depolarization and alteration of Cx43-EGFP, we performed morphometric analysis of the fluorescence intensity of TMRE on the cells with linear Cx43-EGFP plaques before and 2 hr after UV irradiation and calculated the percentage of cells with positive and negative TMRE staining. Confocal images for TMRE and Cx43-EGFP were collected by adjusting the sensitivity of the photomultiplier so that the intensity of TMRE and Cx43-EGFP fluorescence in the untreated control cells was below the 4095 level. The conditions for taking images were standardized as following: laser power, 35 mW; ND filter, 50%; photomultiplier voltage for Cx43-EGFP, -680 V; photomultiplier voltage for TMRE, -740 V. In this study, the Cx43-EGFP plaques with lengths of more than 5 mm and of linear morphology were defined as linear plaques. The fluorescence intensity of TMRE on single cells with Cx43-EGFP linear plaques was analyzed by FluoView software (Olympus). The cells with TMRE fluorescence intensity between 2000 and 4000 (arbitrary units) were counted as TMRE (++) cells; those with fluorescence intensity between 1000 and 2000 (arbitrary units) were counted as TMRE (+) cells to distinguish the decrement of TMRE fluorescence. Cells with fluorescence intensity less than 1000 (arbitrary units) were counted as TMRE (-) cells to indicate the loss of MMP. At this intensity level, the red fluorescence of TMRE was very dark or could not be seen on the images. At two hours after UV irradiation, a total of 106 cells with 53 Cx43-EGFP linear plaques from 10 pictures were analyzed.
For morphometric analysis of the effect of the caspase inhibitor on MMP depolarization and Cx43-EGFP localization after UV irradiation, ten images at each time-point were taken with the confocal laser scanning microscope. Cells that lost MMP showed negative TMRE staining. 
III. Results
UV induced morphological changes and apoptosis in Cx43-EGFP expressing HeLa cells UV irradiation caused various morphologic alterations with the extension of post-irradiation incubation time (Fig.  1) . As Figure 1B demonstrates, some cells began to display rounded shape at 2 hr after UV irradiation. Cell rounding was more pronounced at 4 to 12 hr (Fig. 1C-E) . Many cells were detached and floated in the culture medium at 24 hr after UV irradiation (Fig. 1F) .
Morphological changes of nuclei were detected by Hoechst 33342 staining and fluorescence microscopy. As shown in Figure 2 , condensed chromatin and fragmented nuclei became more pronounced with time after UV irradiation ( Fig. 2A-F) . The percentages (mean±S.D.) of apoptotic cells characterized by nuclear fragmentation were 5.4%±1.2%, 21.2%±5.6%, and 33.6%±6.2% at 2, 4, and 8 hr, respectively. The percentage increased to 42.6%±8.7% at 12 hr and reached 65.3%±8.0% at 24 hr (Fig. 2G ).
Cx43-EGFP translocated into the cytoplasm after MMP depolarization and before nuclear fragmentation
Cx43-EGFP localization and nuclear morphology were assessed by conventional fluorescence time-lapse microscopy. Images of Cx43-EGFP and nuclei before and after UV irradiation are presented in Figure 3 . Before UV irradiation, Cx43-EGFP exhibited linear and/or punctate fluorescence between adjacent cells (Fig. 3A) . In contrast, at 4 hr after irradiation, the strands of Cx43-EGFP linear plaques were disrupted, and only small pieces of punctate Cx43-EGFP were observed (Fig. 3B) . At 8 hr, the number of punctate Cx43-EGFP was decreased, and most of the Cx43-EGFP was degraded (Fig. 3C) . The alteration of Cx43-EGFP distribution appeared to occur before nuclear fragmentation. In the time-lapse observation for 8 hr, the alteration of Cx43-EGFP was noted; however, only a few cells showed nuclear fragmentation. In negative control experiments without UV irradiation, Cx43-EGFP linear plaques were preserved in the time-lapse observation for 8 hr (data not shown).
To examine the time course of Cx43-EGFP alteration during the progression of apoptosis, especially in its relationship to MMP depolarization, we stained the cells with TMRE to evaluate MMP. As shown in Figure 4 , Cx43-EGFP linear plaques were found at appositional membranes between neighboring cells in the control without UV irradiation, and all cells showed positive staining for TMRE (Fig.  4A) . Two hours after UV irradiation, many cells had lost their MMP and in most cells the TMRE fluorescence intensity was decreased. Cx43-EGFP linear plaques were observed at the border of adjacent cells that showed negative staining for TMRE, indicating that the localization of Cx43-EGFP was preserved in cells which lacked MMP (Fig. 4B) . Quantitative analysis at 2 hr post-irradiation showed that, of the cells with linear plaques 47.2% were TMRE (+), i.e., had decreased MMP, while 39.6% were TMRE (-), i.e., had loss of MMP (Fig. 4E) . These data suggest that MMP depolarization occurred prior to Cx43-EGFP disorganization. At 4 hr, a dramatic loss of TMRE fluorescence was noted. Cx43-EGFP plaques were disrupted, and small spots of punctate Cx43-EGFP were localized in the cytoplasm. At this period, the number of cells with diffuse localization of Cx43-EGFP in the cytoplasm was increased (Fig. 4C) . Eight hours after UV irradiation, the majority of the cells showed dissipated MMP, and the green fluorescence intensity of Cx43-EGFP was decreased (Fig. 4D) .
A caspase inhibitor inhibited apoptosis and postponed the disruption of Cx43-EGFP
The caspase inhibitor Z-VAD-FMK significantly inhibited apoptosis induced by UV irradiation. As demonstrated in Figure 5 , Z-VAD-FMK inhibited MMP depolarization at 2 hr after UV irradiation (Fig. 5E) , and it also blocked nuclear fragmentation in the UV-treated cells at 8 hr. Cx43-EGFP linear plaques were detected between cells at 8 hr, although punctate Cx43-EGFP was also present in the cytoplasm (Fig. 5F ). Compared to cells without treatment with Z-VAD-FMK, disruption of Cx43-EGFP after UV irradiation was reduced.
Confocal laser scanning microscopy also demonstrated that in the cells treated with UV and Z-VAD-FMK, MMP depolarization was blocked at 2 hr and retarded at 4 and 8 hr (Fig. 6B-D) . Morphometric analysis showed that after UV irradiation, the percentages of cells which had lost MMP (TMRE-negative) were 33.7%±6.0%, 78.1%±12.0%, and 94.2%±3.6% at 2, 4, and 8 hr, respectively. However, with treatment with Z-VAD-FMK, the percentages decreased to 0%, 15.7%±5.8% and 36.4%±12.1% at 2, 4 and 8 hr, respectively (Fig. 6E) . These results indicated that the caspase inhibitor decreased the number of cells with MMP depolarization but could not completely inhibit cell death. Linear localization of Cx43-EGFP between cells was found at 2 hr after UV and was preserved at 4 hr. Eight hours after UV irradiation with the Z-VAD-FMK treatment, although Cx43-EGFP plaques were observed at the areas where the MMP was lost, many of the strands of plaques were disorganized (Fig. 6D) . The percentages of linear plaques with length of more than 5 mm were calculated from 10 images at each time-point after UV irradiation with or without Z-VAD-FMK treatment (Fig. 6F) . The percentages of linear plaques (cells with linear plaques/cells with Cx43-EGFP) were decreased after UV irradiation. Before irradiation, Cx43-EGFP showed conspicuous linear plaque localization (92%). After UV irradiation without Z-VAD-FMK, the percentage of linear plaques was reduced to 78.4% at 2 hr, and then declined sharply to 16.7% at 4 hr. At 8 hr, Cx43-EGFP linear plaques could hardly be detected. With the Z-VAD-FMK treatment, the percentages of linear plaques were 89.1%, 78.9% and 26.2% at 2, 4, and 8 hr, respectively. These observations demonstrated that Z-VAD-FMK could partly protect Cx43-EGFP and postpone its disorganization and degradation, suggesting that caspase is involved in the alteration of Cx43-EGFP.
IV. Discussion
This study shows that, during apoptosis induced by UV irradiation, alteration of gap junctional plaques occurs after mitochondrial membrane potential depolarization but before nuclear fragmentation, and that this alteration depends partly on caspase activation. Using Cx43-EGFP-expressing HeLa cells, we found that intact Cx43-EGFP linear plaques were preserved not only among TMRE-positive cells but also among TMRE-negative cells at 2 hr after UV irradiation; that small punctate of Cx43-EGFP were present in the cytoplasm at 4 hr post-irradiation; and that Cx43-EGFP was diffusely localized in the cytoplasm at 8 hr post-irradiation. We also demonstrated that treatment with the caspase inhibitor Z-VAD-FMK partially preserved Cx43-EGFP plaques and MMP at 4 and 8 hr post-irradiation. MMP depolarization is considered to be one of the early markers of apoptosis [3, 6] . During apoptosis induced by UV irradiation, we compared the time course of Cx43-EGFP plaque disorganization with MMP depolarization by TMRE staining. We noticed that even after cells lost their MMP, many cells still had intact Cx43-EGFP linear plaques at 2 hr after UV irradiation (Fig. 4B) . In other words, among the cells which had Cx43-EGFP linear plaques, about 40% of the cells had lost MMP (Fig. 4E) . Furthermore, when cells showed diffuse localization of Cx43-EGFP in the cytoplasm at 8 hr post-irradiation, all these cells had negative staining for TMRE (Fig. 4D) . These results suggest that Cx43-EGFP is disorganized after MMP depolarization.
Cx43-EGFP was translocated to the cytoplasm before nuclear fragmentation. Nuclear fragmentation is regarded as a later marker of apoptosis. Time-lapse observation with Hoechst 33342 staining and fluorescence microscopy revealed that alteration of Cx43-EGFP localization occurred before nuclear fragmentation appeared (Figs. 3, 5C ). In cells with condensed nuclei at 8 hr post-irradiation, the Cx43-EGFP in the cytoplasm was very weak (Fig. 5D ). This observation suggested that Cx43-EGFP is degraded before nuclear fragmentation. We can conceive of at least three possible mechanisms by which the Cx43 on the plasma membrane declines and is degraded during UV-induced apoptosis. Firstly, UV irradiation might lead to a decrease in connexin gene expression. Cx43 is a short-lived protein with a half-life of only a few hours [13, 17] , and Cx43 plaques display dynamic structure. . With Z-VAD-FMK treatment, MMP depolarization is obviously inhibited at 2 hr (E) and reduced at 8 hr (F). Nuclear condensation is also inhibited at 8 hr and linear Cx43-EGFP plaques and Cx43-EGFP dots can be seen (F). Cx43-EGFP, TMRE, and nuclei are pseudo-colored to green, red, and blue, respectively, and merged by IPLab software. Bar=15 mm. Newly synthesized Cx43 connexons are delivered in vesicular carriers traveling along microtubules from the Golgi apparatus to the plasma membrane and accumulate in plaques [14] . Synthesis and degradation of Cx43 plaques are very dynamic processes. The expression of Cx43 is subject to a variety of stresses. It was reported that low dose of UV-C irradiation on WB-F344 cells resulted in significant reduction in levels of the Cx43 native isoform, although no apparent changes in the phosphorylated form were detected [1] . However, the effect of UV-C irradiation on expression of Cx43 appears to be cell-type specific; in AG1522 cells, no decrease in Cx43 levels was observed [1] . Secondly, lysosomes and proteasomes could be involved in Cx43 degradation during UV-induced apoptosis. Lysosomes and proteasomes play different roles in the life cycle of Cx43. Active proteasomal degradation was found to reduce the amount of phosphorylated Cx43, and to destabilize the gap junctions at the plasma membrane. Internalized Cx43 is targeted by lysosomes for degradation [12, 22] .
Thirdly, under apoptosis-inducing stimuli, connexins might be a substrate of caspase protease. For example, Cx45.6 could be regulated by apoptotic protease caspase-3 and cleaved by caspase-3-like protease [26] . Cx45.6 was the first connexin identified as a substrate for caspase. Our observation indicated that caspase partly contributes to the degradation of Cx43. In our study, Z-VAD-FMK, a broadspectrum caspase inhibitor, inhibited MMP depolarization and blocked nuclear fragmentation. Interestingly, Z-VAD-FMK could also postpone the disorganization of Cx43-EGFP, i.e., Cx43-EGFP linear plaques were still predominant (78.9%) at 4 hr after UV irradiation. However, Cx43-EGFP was disorganized at 8 hr. The percentage of linear plaques was decreased to 26.2% at 8 hr after irradiation with Z-VAD-FMK treatment (Fig. 6F) . On the other hand, in the cells without Z-VAD-FMK treatment, Cx43-EGFP linear plaques decreased in number at 4 hr (16.7%) and could hardly be observed at 8 hr (Figs. 4C, 4D , 5C, 5D, 6F). These results suggest that caspase activation partially contributes to Cx43 alteration during apoptosis induced by UV irradiation. On the other hand, we cannot completely rule out the possibility that the disorganization of gap junction plaques is a common phenomenon occurring during cell death including apoptosis and necrosis, since Z-VAD-FMK significantly inhibited UV-induced MMP depolarization and disorganization of gap junction plaques but could not completely inhibit them. In other words, even in the presence of a caspase inhibitor, the cell death processes probably other than apoptosis, such as necrosis, may occur in a number of cells in which cell gap junctions are disorganized.
In conclusion, this study showed that during apoptosis induced by UV irradiation, disorganization of gap junction plaques occurs after MMP depolarization but before nuclear fragmentation, and that this alteration partly depends on caspase activation.
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